In order to detect chimerism after allogeneic hematopoietic SCT (HSCT), several methods have been developed. In this study we describe the use of a set of insertion/deletion (Indel) polymorphic loci to determine the level of donor cell engraftment. We analyzed 50 DNA samples from patients who had undergone HSCT, and also several artificial chimeric samples created by mixing different DNA specimens from non-transplanted donors in various proportions. A specific set of 38 autosomic Indel polymorphisms were analyzed. For comparison purposes, a set of 15 short tandem repeats (STRs) were analyzed using the Identifiler Plus Amplification Kit. Our results suggest that Indel-based and STR-based procedures behave similarly in most cases. However, Indel analysis may provide additional information in some cases with a small minor chimeric component or when the presence of stutter bands complicates chimerism estimation.
INTRODUCTION
Allogenic hematopoietic SCT (HSCT) has proven to be an effective therapeutic approach for a wide range of hematological diseases. This procedure, which involves engrafting donor cells in the recipient, results in the presence of lymphohematopoietic cells of non-host origin, called chimerism. 1 Assessing the proportion of donor-host chimerism informs about the degree of engraftment and the recurrence of malignant disease. As a consequence, it provides important information to guide therapeutic decisions.
Several methods have been developed to measure the level of donor engraftment after allogeneic HSCT, the most widely used of which are fluorescent in situ hybridization of sex chromosomes (XY-FISH) and PCR-based analysis of polymorphic DNA sequences (such as variable number of tandem repeats or short tandem repeats (STRs)), while real-time PCR techniques based on analysis of the Y chromosome or on single-nucleotide polymorphism (SNPs) are progressively gaining attention. [2] [3] [4] Another method based on analyzing genetic variations present in a given human genome is the study of small insertions and deletions (Indels) ranging from 1 to 10 000 bp in length that are highly abundant in humans and are an important origin of genetic disparity. 5 Weber et al. 6 and Mills et al. 7 set the foundation of our current knowledge on Indel polymorphisms, highlighting their utility regarding genetic studies, given their abundance in and wide spread throughout the genome (comprising~16% of all human DNA) and ease of analysis. Small-length Indels can be studied using simple analysis through PCR amplification, electrophoresis and other methodologies already developed for SNPs. 8, 9 Therefore, indels are emerging as a useful tool for genetic identification. 10, 11 However, there are currently no published studies on the application of Indels to determine the donor/ recipient cell proportion after HSCT. Hence, the aim of this study was to compare the effectiveness of analyzing 38 Indels in a single routine genotyping reaction as a procedure to assess chimerism after HSCT.
MATERIALS AND METHODS

Study samples
The study group consisted of 50 DNA samples from 13 patients who had undergone hematopoietic SCT and were sent to the laboratory for chimerism analysis. The blood genomicPrep Mini Spin Kit was used for DNA extraction, following the manufacturer's instructions (GE Healthcare, Piscataway, NJ, USA), and a Qubit fluorometer for its quantification (Invitrogen, Foster City, CA, USA). Genotyping A set of 38 autosomic insertion/deletion polymorphisms were analyzed as previously reported. Aliquots of 0.5 ng of template DNA were amplified using 5 μL of Qiagen Multiplex PCR master mix, 1 μL of Primer mix and 3 μL of water. Primers were designed with Primer3 using parameters aiming at short amplicon sizes (60-160 bp), optimum Tm (~60°C) and minimum CG content (45%). 9 Thermal cycling conditions were as follows: initial incubation at 95°C for 15 min, followed by 9 cycles at 94°C for 30 s, 60°C for 90 s and 72°C for 60 s, plus 18 cycles at 94°C for 30 s, 58°C for 90 s and 72°C for 60 s, and a final extension at 72°C for 60 min. PCR products were prepared for capillary electrophoresis by adding 1 μL of each amplified product to 10 μL Hi-Di Formamide (Applied Biosystems, Life Technologies, Madrid, Spain) and 0.3 μL of internal size standard GeneScan 500 LIZ (Applied Biosystems).
For comparison purposes, a set of 15 STRs were analyzed using the Identifiler Plus Amplification Kit. Aliquots of 0.8 ng of template DNA were amplified with the reagents included in the kit on a GeneAmp 9700 thermal cycler (Applied Biosystems). One microliter of each amplified product was mixed with 9 μL of Hi-Di Formamide (Applied Biosystems) and 0.3 μL of GeneScan 500 LIZ Size Standard (Applied Biosystems), denatured for 6 min at 95°C and cooled for 4 min at 4°C. Fragment analysis was then performed by capillary electrophoresis in an ABI310 Genetic Analyzer (Applied Biosystems) using the GENMAPPER 4.0 software (Applied Biosystems). This kit provides genetic profiles composed of 15 noncoding STR loci (D2S1338, D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539, D18S51, D19S433, D21S11, CSF1PO, FGA, TH01, TPOX and vWA).
Data analysis
After analyzing the donor genotype and the pre-transplant and post-transplant genotype of the receptor, the percent donor chimerism for each locus was estimated as the sum of all donor allele areas divided by the sum of the areas of all alleles in a given locus for the STR method, whereas for indels we took into consideration the area of each allele. The average chimerism and its s.d. were then estimated. Likewise, the number of informative loci and their hetrozygosity were calculated.
RESULTS
Patient sample data
The chimerism percentage estimated by both procedures was very similar. A strong correlation was found between the two methods (r 2 = 0.97), with a slope very close to 1, thus indicating the absence of systematic bias (Figure 1) .
The absolute number of informative loci for each technique is shown in Figure 2 . It was found to be higher for the indels set (averaging 15.3 out of 38 loci) than for the STR set (averaging 10.8 out of 15 loci). However, the relative proportion of informative markers was, as expected, higher among those included in the STR set (72% vs 40%).
It is worth noting that in 11 cases no chimerism was found when using STRs, but recipient DNA was detected when the Indel set was analyzed (Table 1) .
Nevertheless, it should be mentioned that in the majority of loci in which chimerism was detected using the Indel technique, the calculations involved pre-transplant homozygosity and donor and post-transplant heterozygosity. In this situation, the percent donor chimerism is calculated under the assumption that heterozygosity for a locus in a non-transplant patient implies equal area (or balance) in both alleles, a condition that may not always hold and may slightly cause a slight downward bias in the estimation in cases with a chimerism proportion close to 100%.
Artificial chimeric samples When the STR set and the Indel set were used to determine the chimerism proportion in artificially made chimeric DNA samples, Table 2 ). The average difference from original mix ratio was slightly smaller when using the 38 Plex method than with the Identifiler procedure. A strong correlation was found between both methods (r 2 = 0.99 for both sets of mixtures A:B and C:D). The slope of the regression line was 0.99 for the A:B mixtures and 1.04 for C:D ones, again very close to 1, thus reflecting a similar performance and, particularly, linearity for both systems (Figure 3) . However, when the analysis was restricted to mixtures with very low proportions of the minor component (⩽5%), the slope of the regression curve was 0.75, suggesting that the STR system may be somewhat less sensitive for detecting very low chimerism percentages.
DISCUSSION
The analysis of post-transplant chimerism has emerged as an important tool to follow the evolution of engraftment after hematopoietic cell transplant, as well as to monitor the eventual relapse of the underlying hematological neoplasm. PCR-based analysis of DNA isolated from transplanted individuals makes it possible to estimate the presence of cells originating either from a single individual or from several (for example, donor and recipient). The method used to determine the presence of chimerism must be sensitive enough to detect disease relapse at early stages, discriminative enough to identify DNA components from genetically related individuals, consistent and efficient regarding the costs and time required for the analysis.
Many laboratories routinely use the analysis of a set of STRs for chimerism, as this procedure fulfills several of the abovementioned requirements. However, the analysis of STRs may not be ideal in some circumstances. For instance, it may be too insensitive to detect DNA components present in low percentages, as is the case when the underlying malignant clone starts to grow again in a patient subjected to a transplant. In fact, the sensitivity of STR analysis (that is, the minimum proportion of the minor component that is able to be detected within a DNA mixture) is usually regarded to be sufficiently high. On the other hand, STR analysis may be complicated by the presence of stutter bands, which correspond to amplicons one repeat shorter than the real allele; 12 this may be a problem when the false stutter allele coincides with a true allele present in the donor, thus raising doubts about its actual nature (false peak or real peak reflecting a mixed chimerism).
These drawbacks prompted us to explore the utility of the amplification of a set of Indels for chimerism analysis. The procedure we used is well established and consistent, and its costs and analysis time comparable to those of standard STR analysis. In fact, according to published reagent list prices, the analysis of one DNA sample using the Indel set is about 20 Euros lower (about 25 USD) than that using the STR set. The discriminative ability of both procedures was also found to be similar, with a slightly higher average number of informative loci in individual cases for the Indel set (15 vs 10.8). The estimated proportions of chimerism using both methods were highly correlated through a wide range of chimerism proportions, both in real cases and in artificial DNA mixtures. However, data obtained with artificial mixtures suggested that the Indel procedure may be somewhat more sensitive. However, other methods, such as quantitative real-time PCR, may be preferable when a very small minor component is to be detected. 13, 14 In this study, we have described the use of a set of Indel polymorphic loci to determine post-transplant chimerism. To our knowledge, this is the first published report using Indel analysis for Post-Transplant Chimerism Detection Using 38 Indel Locithis purpose. Our results suggest that Indel-based and STR-based procedures behave similarly in most cases. However, Indel analysis may provide additional information in some cases with a small minor chimeric component or when the presence of stutter bands complicates chimerism estimation.
